Mitochondria are double membrane-bounded organelles that form a dynamic tubular network. Mitochondria energetic functions depend on a complex internal architecture. Cristae, inner membrane invaginations that fold into the matrix space, are proposed to be the site of oxidative phosphorylation, reactions by which ATP synthase produces ATP. ATP synthase is also thought to have a role in crista morphogenesis. To date, the exploration of the processes regulating mitochondrial internal compartmentalization have been mostly limited to electron microscopy. Here, we describe ATP synthase localization in living yeast cells and show that it clusters as discrete inner membrane domains. These domains are dynamic within the mitochondrial network. They are impaired in mutants defective in crista morphology and partially overlap with the crista-associated MICOS-MINOS-MITOS complex. Finally, ATP synthase occupancy increases with the cellular demand for OXPHOS. Overall our data suggest that domains in which ATP synthases are clustered correspond to mitochondrial cristae. Being able to follow mitochondrial subcompartments in living yeast cells opens new avenues to explore the mechanisms involved in inner membrane remodeling, an architectural feature crucial for mitochondrial activities.
INTRODUCTION
Mitochondria are double-membrane-bound organelles with essential functions including the production of key metabolites. Mitochondrial dysfunction has been linked to ageing (Bratic and Larsson, 2013) and to a variety of pathologies such as cancer, neurodegenerative disorders and severe neuromuscular syndromes (Schapira, 2012; Wallace, 2012) . Mitochondria form a tubular network that is incessantly remodeled. Machineries contributing to mitochondrial fusion, fission, tubulation and partitioning have been identified (Chan, 2012; Westermann, 2010; Youle and van der Bliek, 2012; Zhao et al., 2013) , and it was established that mitochondrial division frequently occurs at the site where mitochondria contacts the endoplasmic reticulum (Friedman et al., 2011; Murley et al., 2013; Rowland and Voeltz, 2012) . Importantly, the mitochondrial network scales up with increasing cell size (Rafelski et al., 2012) and in fact, the mitochondrial architecture appears tightly linked to the organelle activity in response to cellular needs (Sauvanet et al., 2010; Westermann, 2010; Youle and van der Bliek, 2012) .
Although the overall mitochondrial network remodeling has been described in details using live cell imaging techniques, less is known about the dynamic regulation of the complex internal organization of this organelle. Cristae are inner membrane invaginations that fold into the matrix. Cristae emanate from a narrow neck, the crista junction, and can adopt various morphologies and density depending on the cell type (Mannella, 2006; Mannella et al., 2001) . Cristae are thought to be the site of oxidative phosphorylation (OXPHOS), reactions by which ATP is produced from the proton gradient generated across the inner membrane by the respiratory chain. In fact, it was proposed that cristae increase the membrane area available for OXPHOS and play an important role in creating a microenvironment that optimizes ATP synthesis (Bornhövd et al., 2006; Davies et al., 2011; Strauss et al., 2008; Zick et al., 2009) . Recently, studies in yeast identified Fcj1, a mitofilin homologue, as part of a complex localizing at crista junctions and required for junctions maintenance (Alkhaja et al., 2012; Harner et al., 2011; Hoppins et al., 2011; Rabl et al., 2009; von der Malsburg et al., 2011 ). Yet, crista morphogenesis and remodeling remain poorly understood.
ATP synthase is an inner-membrane-anchored rotating enzyme that produces ATP (Walker, 2013) . ATP synthase is arranged as dimers assembled like ribbons at the crista apex, a region with high membrane curvature (Allen et al., 1989; Buzhynskyy et al., 2007; Davies et al., 2012; Davies et al., 2011; Dudkina et al., 2005; Strauss et al., 2008; Thomas et al., 2008) . Importantly, ATP synthase supra-molecular organization is thought to have a crucial role in shaping cristae, and mutants impaired in ATP synthase dimerization display defects in crista morphology (Davies et al., 2012; Paumard et al., 2002; Rabl et al., 2009; Soubannier et al., 2002; Wittig and Schägger, 2008; Zick et al., 2009) . Previous studies using super-resolution techniques in mammalian models have revealed that ATP synthase localizes as clusters in the inner membrane (Appelhans et al., 2012; Jans et al., 2013; Schmidt et al., 2009; van de Linde et al., 2008; Wilkens et al., 2013) . In this study, using conventional fluorescence microscopy, we tracked GFP labeled ATP synthases expressed at a native level in living yeast cells. We found that they cluster into discrete domains that we have called F1-F0 ATP synthase clustering domains (F1F0-CDs). These domains do not correlate with mitochondrial fusion or fission sites but partially overlap with crista-associated mitochondrial inner membrane organizing system (MICOS-MINOS-MITOS) components. F1F0-CDs are impaired in mutants with defects in crista morphology and importantly, their occupancy increases with the cellular demand for OXPHOS. Taken together our results strongly suggest that F1F0-CDs correspond to mitochondria cristae.
RESULTS AND DISCUSSION

ATP synthase localizes as discrete domains
To localize ATP synthase at a native level in living yeast, we inserted, into haploid strains, the coding sequence for either GFP or a tandem of RFPs (hereafter referred to as 2RFP) downstream of chromosomal loci coding for ATP synthase subunits. Therefore each strain expressed an ATP synthase subunit fused to a fluorescent protein (FP) from its own promoter as the sole source of the ATP synthase subunit (no untagged subunit). Importantly, this procedure was followed for all the GFP fusion proteins used in this study (supplementary material Table. S1). When fused to FP, most ATP synthase subunits remained functional as attested by cell proliferation on non-fermentable carbon sources (supplementary material Fig. S1A ), conditions for which a functional ATP synthase is mandatory for growth. In the following experiments, we used Atp3-FP, Atp4-FP and Atp14-FP as cells expressing these proteins grew just as well as wild-type (WT) cells on lactate medium (supplementary material Fig. S1A ). Furthermore, to label the whole mitochondrial network we used Ilv3, a dihydroxyacid dehydratase known to diffusely localize into the matrix space (Brat et al., 2012) .
When cells were grown in glucose-rich medium, the ATP-GFP signal was detected as discrete domains along mitochondrial tubules (F1F0-CDs; Fig. 1A ). These domains were observed for the 11 ATP synthase subunits tested, whether they belonged to the F1 or the F0 sectors, in strains expressing Ilv3-2RFP and ATP synthase subunits fused to GFP but also with the reverse combination of FPs, i.e. Ilv3-GFP and ATP-2RFP (supplementary material Fig. S2A ). F1F0-CDs were detected using another matrix marker (Cox4MTS-RFP; supplementary material Fig. S2B ) and in another genetic background (W303; supplementary material Fig. S2C ). Importantly, ATP synthase subunits colocalized one with another within F1F0-CDs (Fig. 1B) . Finally, in Rho 0 cells lacking ATP synthase subunits encoded by the mitochondrial genome, Atp4-FP or Atp14-FP were diffusely localized all along the mitochondrial network (supplementary material Fig. S2D ). This indicated that the ATP synthase localization to F1F0-CDs requires the assembly of the complete enzymatic complex. Of note, by contrast to ATP synthase, other inner membrane proteins such as Tim23 (a translocase subunit), Mrs4 (an iron transporter) or Mpc2 (a pyruvate carrier), localized all along the mitochondrial network (supplementary material Fig. S3A ). Furthermore, as expected for an integral inner membrane complex, the ATP-FP signal was surrounded by the outer membrane protein Tom20-GFP (supplementary material Fig. S3B ). Altogether these data established that when yeast cells are grown on glucose-rich medium, ATP synthases clustered into discrete domains of the inner mitochondrial membrane.
F1F0-CDs correspond to mobile inner membrane invaginations but do not correlate with tubule fusion or fission sites F1F0-CDs typically occupied about half of the total mitochondrial network (see colocalization coefficients in Fig. 1A ). They did not have a constant size ( Fig. 2A, left panel) , the average domain length being around 0.5 mm. In yeast, extensive electron microscopy studies have established that ATP synthase preferentially localizes to the cristae (Davies et al., 2012; Vogel et al., 2006) . We measured that in more than 80% of the cases, the presence of an F1F0-CD along a tubule correlated with a decrease in the matrix fluorescence signal (Fig. 2B) . This suggested that F1F0-CDs may correspond to cristae. In addition, F1F0-CDs were observed at 49% of the tubules extremities (n5471), whether extremities were growing or shrinking (Fig. 2C) . In fact, an F1F0-CD could appear to be mobile within a tubule or immobile while the tubule was growing or shrinking (Fig. 2D) . The spacing between two consecutive F1F0-CDs could therefore increase or decrease (Fig. 2E ), in agreement with the fact that no constant spacing between two consecutive F1F0-CDs could be found ( Fig. 2A, right panel) . Importantly, fluorescence recovery after photobleaching (FRAP) experiments indicated that within an F1F0-CD, the ATP synthase immobile fraction was largely predominant (the fluorescence recovery being less than 10%; Fig. 2F ). This result is consistent with previous FRAP analysis performed in HeLa cells (Sukhorukov et al., 2010) and is in agreement with elegant single particle trajectory analyses indicating that in cultured mammalians cells, movements of single ATP synthase molecules are restricted to an area that matches the size of cristae measured by EM (Appelhans et al., 2012; Wilkens et al., 2013) . In addition, the half time recovery calculated for the matrix-soluble protein Ilv3-GFP was 1.0960.68 seconds (n59, green curve in Fig. 2F ), whereas it was at least 15 times slower for the small mobile ATP synthase fraction (see inset of Fig. 2F ). Control FRAP experiments in cells expressing both Atp14-GFP and Atp4-2RFP in which only the RFP was bleached indicated that the modest fluorescence recovery measured was not due to the movement of the bleached F1F0-CD out of the measurement area (Fig. 2G ). Altogether these experiments suggest that the majority of the ATP synthase is confined to F1F0-CDs, and that F1F0-CDs are mobile within the mitochondrial network. Whether this apparent mobility is due to bona fide movement of F1F0-CDs within the tubule, stretching and/or contraction of the tubule itself, or addition and/or withdrawal of lipids between two F1F0-CDs remain to be established. Finally, 63% of the detected mitochondrial fusion events occurred at a tubule extremity displaying a detectable ATP synthase signal (n549) and 55% of the observed fission events took place where an F1F0-CD was visible (n538). Therefore the presence of an F1F0-CD did not correlate either with tubule fusion or fission. Consistently, only a few F1F0-CDs colocalized with the dynamin-like GTPase Dnm1 or the ERMES components Mdm34 (supplementary material Fig. S3C ), two proteins involved in mitochondrial fission (Kornmann et al., 2009; Lackner and Nunnari, 2009; Murley et al., 2013) .
F1F0-CDs are impaired in mutants with defective crista morphology and overlap with crista junction components
To test the influence of ATP synthase dimerization on its localization, we utilized atp20D (subunit g) mutant cells. We found that ATP synthase was no longer distributed as domains but rather localized all along mitochondrial tubules (Fig. 3A) . Atp20 is needed for ATP synthase dimer stabilization but is not required for the enzyme assembly or activity. Furthermore, in atp20D cells, the steady state level of ATP synthase is not drastically modified (Arnold et al., 1998; Boyle et al., 1999; Davies et al., 2012; Paumard et al., 2002; Rabl et al., 2009; Velours et al., 2009 (supplementary material Fig. S3D ). Therefore, we can rule out that a modification of the ratio between ATP synthase and matrix fluorescence intensity would mask the detection of F1F0-CDs. In fact, it is known that ATP20 deletion leads to the accumulation of concentric cristae that are no longer lamellar but big and balloon shaped, occupying the entire matrix volume (Davies et al., 2012; Paumard et al., 2002) . If F1F0-CDs indeed correspond to cristae, the dramatic alterations in crista morphology induced by the atp20 deletion could account for the ATP synthase localization observed in atp20D cells (Fig. 3A) . To further decipher the relationships between F1F0-CDs and cristae, we studied ATP synthase localization in fcj1D cells. It was previously established that in fcj1D cells, neither the ATP synthase steady state level nor its dimerization are impaired, but the number of cristae junctions is drastically diminished, leading to abnormally long cristae (Alkhaja et al., 2012; Harner et al., 2011; Hoppins et al., 2011; Rabl et al., 2009; von der Malsburg et al., 2011) . In total agreement with this phenotype, we found that in fcj1D cells, F1F0-CDs were longer, yet fewer, as the overall F1F0-CD occupancy within the mitochondrial network was not significantly modified (Fig. 3B) . This experiment strengthens the idea that F1F0-CDs correspond to cristae. Finally, we found an overlapping localization between F1F0-CDs and Fcj1, Aim5 and Aim37 (Fig. 3C) , proteins localizing to crista junctions (Harner et al., 2011; Hoppins et al., 2011; Rabl et al., 2009; von der Malsburg et al., 2011) . Taken together, these experiments strongly suggest that F1F0-CDs do correspond to cristae.
F1F0-CDs occupancy increases with the need for OXPHOS
To produce ATP, ATP synthase needs the proton gradient generated by the respiratory chain. Several respiratory complex proteins were expressed as GFP fusions from their endogenous chromosome locus in haploid cells. We found that when cells were grown on glucose-containing medium, Ndi1 (NADH dehydrogenase), Sdh2 (succinate dehydrogenase, complex II); Qcr9 (subunit 9 of ubiquinol cytochrome c reductase, complex III) and Cox7 (subunit VII of cytochrome c oxidase, complex IV) localized all along mitochondrial tubules (supplementary material Fig. S4 ). Yet, the growth of these cells was somewhat impaired on a non-fermentable carbon source, indicating that the GFPtagged proteins were not fully functional (supplementary material Fig. S4 ). Therefore, these experiments could not lead to any strong conclusion regarding the colocalization of F1F0-CD and respiratory chain complexes. Interestingly, when cells were grown in glycerol-ethanol-containing medium, conditions in which the expression of OXPHOS proteins is strongly induced (supplementary material Fig. S3E ), both the respiratory chain proteins and ATP synthase were detected all along mitochondrial tubules (Fig. 4A,B and supplementary material Fig. S4 ). Of note, as previously described (Egner et al., 2002; Sauvanet et al., 2010; Stevens, 1981; Visser et al., 1995) , we observed that change in carbon source regimen influenced the overall mitochondrial network morphology as tubule diameter increased together with the number of branch points. Importantly, FRAP experiments indicated that in respiratory conditions, no significant pool of unassembled ATP synthase subunits freely diffusing in the matrix could be detected (Fig. 2F , compare Ilv3 to ATP14-GFP in YPGE medium; see Materials and Methods) and that the ATPsynthase-mobile fraction remained unchanged (Fig. 2F , compare the plateau of ATP14-GFP in YPGE and YPD). These experiments strongly suggest that increasing the needs for OXPHOS causes an increase in crista number or size. To distinguish between these two possibilities, we examined the localization of the crista junction proteins Fcj1 and Aim37 in cells grown in YPGE. In these conditions, Fcj1 and Aim37 were detected all along mitochondrial tubules (Fig. 4C,D) . This indicates that increasing the need for OXPHOS and thereby the amount of ATP synthase, caused an increase in the number of cristae. Supernumerary cristae would then be so closed to each other that they could no longer be resolved as discrete domains by conventional microscopy but rather appear as a continuous signal all along mitochondrial tubules. These experiments establish that following ATP synthase localization can provide crucial information on crista remodeling, depending on the physiological situation of the cell.
Cristae are the site of OXPHOS, reactions essential for the viability of most organisms. Here, we demonstrate that the ATP synthase is restricted to discrete domains that are dynamic within the mitochondrial network, and provide strong evidences that these domains correspond to cristae. We further illustrate that it is possible to study changes in ATP synthase domain organization depending on the genetic background or the cellular needs. Working with yeast offers the possibility to perform dynamic imaging in a wide variety of genetic contexts, in combination with a plethora of biochemical approaches. Being able to follow crista dynamics in living yeast cells opens new routes for studying, not only the remodeling of the mitochondrial inner membrane architecture, but also the relationships between a specific mitochondrial sub-compartment and other cellular machineries. 
MATERIALS AND METHODS
Strains and growth conditions
The strains used were BY4741 derivatives and were obtained from Invitrogen (Carlsbad, NM). All the GFP fusions and GFP-expressing strains were obtained by integrating the FP sequence at the 39 end of the protein encoding the endogenous chromosomal locus in haploids. All the strains used in this study are described in the supplementary Table S1 . Details of the constructions are available upon request. Strains were grown in liquid rich medium containing either 2% glucose (YDP) or 2% glycerol/2% ethanol (YPGE) and imaged at OD 600 nm ,2.
Fluorescence microscopy Cells were imaged as described previously (Laporte et al., 2008) . For all fluorescence intensity measurement, the intensity over 6 pixels width (i1) was determined along mitochondria tubules or 'domains'. A zone of 12 pixels width at the same location (i2) was examined in order to calculate the surrounding background intensity. The real intensity (ir) was determined using the following equation: ir5i12ib, with ib5[(i2612)2(i166)]/6 (Laporte et al., 2011) . Intensity profiles correspond to the mean intensity of the 6-pixel width segmented line along mitochondria. Mander's colocalization coefficients were calculated using ImageJ with a JACoP plugin (Bolte and Cordelières, 2006) . Fluorescence intensity profiles for F1F0-CD and the matrix were determined along mitochondrial tubules. When an F1F0-CD was detected, the corresponding fluorescence intensity variation of the matrix was scored. F1F0-CD properties were defined using a Gaussian fit of F1F0-CD fluorescence intensity along the mitochondrial tubule (R 2 .0.8). F1F0-CD length s corresponds to the full width at half maximum (s~2 ffiffiffiffiffiffiffiffiffi ffi 2ln 2 p SD). Distances between two F1F0-CDs correspond to the distance between Gaussian centroids. FRAP experiment were performed and analyzed as described by Laporte et al. (Laporte et al., 2013) . All statistical analyses were performed using GraphPad (San Diego, CA).
